Phylogenetic comparison of extant mammals with divergent imprint status is a powerful method for identifying critical components of imprint regulation at individual loci. The entire genomic region of Igf2r in the imprinted marsupials, Didelphis virginiana and Monodelphis domestica, and the non-imprinted monotreme, Ornithorhynchus anatinus, was isolated and sequenced. Genetic and epigenetic comparisons of over 160 kb of sequence were then performed in five distinct mammalian species. Surprisingly, opossum Igf2r is imprinted and maternally expressed despite the absence of the intron 2 CpG island (CpG2), antisense Igf2r RNA (Air) and differential methylation of the promoter (CpG1) required for imprinting of this gene in mice. These findings demonstrate that the genomic elements necessary for imprinted Igf2r expression in eutherians are not required for imprinting of this locus in metatherians. Thus, the regulatory mechanisms of Igf2r imprinting did not evolve convergently within the Therian subclass of mammals.
INTRODUCTION
Genomic imprinting is a form of gene regulation driven by epigenetic modifications that results in the differential expression of two alleles based on parental origin. Dysregulation of imprinted genes is associated with a number of human diseases and disorders as well as numerous malignancies. 1 Despite the vulnerability of imprinted loci to loss of function due to genetic mutation and/or changes in epigenetic regulation, genomic imprinting has been maintained in therian mammals since it first evolved over 180 million years ago. [2] [3] [4] [5] The most widely discussed theory concerning the adaptive evolution of genomic imprinting is the genetic conflict hypothesis. 6, 7 The conflict hypothesis predicts that selective pressure for the parental genomes to control the expression of a gene arose with the development of a placental structure and the drive to control the amount of nutrients extracted from the mother by her offspring in a polygamous environment. Support for the conflict hypothesis was provided by the first identified imprinted genes, insulin-like growth factor II (Igf2) 8 and its receptor, Igf2r. 9 IGF2R is predominantly expressed from the maternal allele in the mouse and opossum, but is biallelically expressed in chicken, platypus and human. 3, 4, [10] [11] [12] IGF2R functions in intracellular trafficking of lysosomal enzymes and internalization of IGF2 and other ligands to the lysosomes for degradation. 13 In mammalian development, dysregulation of IGF2R is associated with fetal overgrowth, cardiac abnormalities and perinatal lethality. [14] [15] [16] [17] IGF2R dysregulation is also associated with a number of human malignancies, including those in the breast, colon, head and neck, lung and liver. [18] [19] [20] [21] [22] [23] Thus, a greater understanding of the cis-acting elements necessary for proper regulation of IGF2R expression are required in order to prevent and treat developmental disorders and cancer.
Murine Igf2r has two distinct CpG islands involved in imprinting regulation. The first CpG island (CpG1) is located at the promoter and is methylated on the repressed paternal allele. Acquisition of methylation in this region is a post fertilization event that is maintained into adulthood. 24 The second CpG island (CpG2) is also differentially methylated, and in the mouse it serves as the Igf2r imprint control center. Acquired in the maternal germline, methylation in this region is maintained throughout preimplantation development. 24 This differentially methylated region also contains the promoter for the non-coding, antisense Igf2r RNA, Air. 25 Paternal silencing of Igf2r in the mouse is dependant on paternal expression of full-length Air, 26 and the corresponding CpG1 promoter methylation.
In non-imprinted human IGF2R orthologous sequences, 4, 11, 12 CpG1 is completely unmethylated and CpG2 is methylated on only the maternal allele. 27, 28 Strikingly, despite the differential methylation at CpG2, transcription of AIR RNA has not been detected at the human IGF2R locus. 29, 30 Phylogenetic imprint analyses of species from evolutionarily distant mammalian clades with divergent imprint status are the most stringent method for identifying critical components of imprint regulation at individual loci. [31] [32] [33] Until now, a comprehensive analysis of IGF2R in ancestral imprinted and non-imprinted species has not been possible. We sequenced the entire Igf2r genomic region of both the opossum (Didelphis virginiana) and platypus (Ornithorhynchus anatinus), and conducted epigenetic and sequence comparisons over 160 kb between five different mammalian species to identify imprint specific features and elements involved in the establishment of imprinting at this locus. Our study employed comparative phylogenetic analyses of Igf2r genomic domains in monotremes, marsupials, and eutherians to not only better understand how imprinting evolved in mammals, but to also determine the genetic and epigenetic mechanisms by which imprinting dysregulation gives rise to human diseases such as cancer.
We describe for the first time the surprising finding that none of regulatory features previously believed to be sufficient to confer Igf2r imprinting in mice are required for the imprinting of this locus in marsupials. Therefore, either there is an ancestral mechanism of Igf2r imprinting in both marsupials and eutherians that has not yet been identified or independent mechanisms evolved to suppress the paternal allele of the Igf2r in marsupials and eutherians. This fundamentally important conclusion demonstrates the value of using deep mammalian phylogenetic comparisons to decipher imprinting mechanisms.
MATERIALS AND METHODS
Tissue samples. Tasmanian and mainland Australian platypus (Ornithorhynchus anatinus) tissues were obtained from wild animals that had been killed by dogs (kindly provided by Dr. Barry Munday, University of Tasmania). Kidney, liver and brain tissues were taken from adult female American opossums (Didelphis virginiana) and their pouch young following euthanasia by North Carolina Wildlife Commission officials. Kidney, liver and brain tissues from gray short-tailed opossum (Monodelphis domestica) pouch young were kindly provided by Dr. Kathleen K. Smith, Duke University. Samples were transported in RNAlater (Ambion, Inc., Austin, TX) and maintained at -80˚C prior to nucleic acid extraction. This study was performed in accordance with current regulations and standards of the United States Department of Agriculture, Department of Health and Human Services, and National Institutes of Health.
Opossum (Didelphis virginiana) and Platypus (Ornithorhynchus anatinus) Igf2r-containing BAC identification and sequencing. Our 5X coverage opossum and platypus (Munday Platypus BAC Library) genomic BAC libraries were generated by Amplicon Express (Pullman, WA) using total DNA isolated from platypus or opossum kidney in Qiagen buffer ATL and proteinase K (Qiagen Sciences, Inc., Valencia, CA) followed by phenol: chloroform:isoamyl alcohol extraction and ethanol precipitation. Each genomic BAC library consists of 264 384-well plates for a total of 101,376 clones. Since the average insert size in the clones is 142 kb, this library providẽ 5X coverage of both genomes.
Probes generated for screening of BAC libraries were designed from Igf2r cDNA sequences (opossum, GenBank accession no. AF342813; platypus GenBank accession no. AF115172). Regions of interest were amplified by PCR from platypus (forward primer LHF 5' CAC CAA GTG TGT GAC AGC and reverse primer LHR 5' GAT GAC AGC GAC GAG GAT CT) or opossum (forward primer AWF 5' CTG TCA GCT TCG AGA CCT G and reverse primer AWR 5' CCT AAG CCA GGA CAG CAG AA) DNA using 1.5 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA), 10 pmol primers, 1.5 mM MgCl 2 and 10 mM dNTPs in a 30 µl PCR reaction volume (35 cycles). PCR products were resolved by electrophoresis on a 2.0% agarose gel, and the appropriately sized fragments were excised and gel-extracted (GenElute, Sigma Chemical Co., St. Louis, MO). Each product (30 ng) was sequenced (ABI 377 sequencer, PE Biosystems, Foster City, CA) to confirm its identity, and 25 ng were subsequently labeled with RTS RadPrime DNA Labeling System according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Genomic BAC libraries were screened as previously reported. 31 Positive clones were identified, cultured, and DNA was isolated using Gerard Transgene 500 ml Sequencing Grade Prep (Gerard Biotech, Cincinnati, OH) for subsequent screening by PCR using original probe primers.
Draft sequences of opossum and platypus BACs were determined by sequencing the ends of 3 kb subclones to an 8-to 10-fold coverage using BigDye terminators (Applied Biosystems, Foster City, CA), and assembling the reads into ordered and oriented contigs with Phred-Phrap-Consed suite. 34, 35 All BAC sequences were submitted to GenBank with the following species, clone names, and accession numbers: opossum, 196H7, AC151875, and 33H23, AC151876; platypus, 184N12, AC151865, 27M2, AC151866, and 174O4, AC159403.
Methylation analysis. DNA was isolated from opossum and platypus tissues in Qiagen buffer ATL and proteinase K (Qiagen Sciences, Inc., Valencia, CA) followed by phenol:chloroform:isoamyl alcohol extraction and ethanol precipitation. Sodium bisulfite modification of opossum (Didelphis virginiana and Monodelphis domestica) and platypus (Ornithorhynchus anatinus) kidney, liver and brain DNA was performed as previously described. 31 Multiple regions of interest were then amplified in nested PCR from platypus or opossum bisulfite treated DNA using 1.5 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA), 15 pmol primers, 1.5 mM MgCl 2 and 10 mM dNTPs in a 30 µl PCR reaction volume (40 cycles). Primers used for methylation analysis are available in Supplementary Table 1. PCR products were resolved by electrophoresis on a 1.0% agarose gel, excised and gel-extracted (GenElute, Sigma Chemical Co., St. Louis, MO). Amplicons were subcloned into the pGEMT-easy vector, transformed and plated according to manufacturers instructions (Promega, Madison, WI). DNA from single colony forming units was amplified by whole cell PCR using standard T7 and SP6 promoter primers and sequenced manually (Thermo Sequenase Radiolabeled Terminator Cycle Sequencing kit; USB Corporation, Cleveland, OH) with T7 and SP6 primers.
RNA analysis. Total RNA was isolated from opossum pouch young brain, liver and kidney by homogenization in RNA-Stat 60 (Tel-Test, Friendswood, TX). Subsequent processing was performed as recommended by the manufacturer. First strand cDNA was primed and synthesized from DNaseI-treated RNA from American opossum young kidney, liver and brain using Superscript II as recommended by the manufacturer (Invitrogen, Carlsbad, CA). Primers used for reverse transcription analysis are available in Supplementary Table 2 .
Ribonuclease protection assays were performed according to manufacturers instructions with the RPA II Ribonuclease Protection Assay kit (Ambion, Inc., Austin, TX), using 32 P-labeled antisense probes. Probe regions of interest were amplified by PCR, resolved by electrophoresis on a 1.5% agarose gel, excised and gel-extracted (GenElute, Sigma Chemical Co., St. Louis, MO). Amplicons were subcloned into pGEMT-easy vectors, transformed and plated according to manufacturers instructions (Promega, Madison, WI). DNA from single colony forming units was amplified by whole cell PCR using standard T7 and SP6 promoter primers, and sequenced to check for orientation within the plasmid (ABI 377 sequencer, PE Biosystems, Foster City, CA). Appropriate colony forming units were cultured and DNA was isolated using Gerard Transgene 500 ml Sequencing Grade Prep (Gerard Biotech, Cincinnati, OH). Linearized plasmid DNA products were used as templates for in vitro transcription with the MEGAscript High Yield Transcription Kit, according to manufacturer's instructions (Ambion, Inc., Austin, TX).
Igf2r Imprinting without Differential Methylation or Air Probes PR1-PR3 were designed in an antisense orientation with respect to Air in effort to detect putative transcripts. Probe PR4 was designed as a positive control (antisense to exon 48 of oIgf2r) to detect the presence of oIgf2r transcripts in the tissues studied. All of these probes were oriented within vectors so that they were transcribed with a T7 primer and linearized with PstI (New England Biolabs, Ipswich, MA). After subcloning and linearization, probe PR1 was 320 bp (250 bp were protected after RNase digestion), probe PR2 was 310 bp (240 bp were protected after RNase digestion), probe PR3 was 330 bp (260 bp were protected after RNase digestion) and probe PR4 was 315 bp (245 bp were protected after RNase digestion).
For control probes, PR5-PR8, vectors used to generate PR1-PR4 were transcribed a second time in the opposite orientation. The second set of probes was oriented within vectors so that they were transcribed with a SP6 primer and linearized with ApaI (New England Biolabs, Ipswich, MA). After linearization, probe PR5 was 365 bp (250 bp protected after RNase digestion), probe PR6 was 355 bp (240 bp were protected after RNase digestion), probe PR7 was 375 bp (260 bp were protected after RNase digestion) and probe PR8 was 360 bp (245 bp were protected after RNase digestion). PCR primers used to generate RPA probes are available in Supplementary Table 3 .
Global comparisons of Igf2r sequences. CpG islands were identified using GrailEXP (http://compbio.ornl.gov/grailexp/) 36 under default parameters. CpG plots were generated with EMBL-EBI CpGPlot/CpGReport/Isochore (http://www.ebi.ac.uk/emboss/cpgplot/) 37 with a 200 bp length, 100 bp window and 0.6 Obs/Exp ratio. RepeatMasker (http://www.repeatmasker.org/) 38 was used to identify simple and complex repeats. Sequence alignments to genomic sequences were performed using GeneJockey (Biosoft, Cambridge, United Kingdom). NCBI and Ensembl were used for blast searches (http://www.ncbi.nlm.nih.gov/BLAST/; 39 http://www.ensembl.org/Multi/ blastview). 40
RESULTS AND DISCUSSION
Genomic structure of opossum and platypus Igf2r.The mRNA sequences of platypus and opossum Igf2r (GenBank accession nos. AF151172 and AF342813) have been previously reported. 3, 41 Herein, we present the first full genomic sequences of Igf2r from Prototherian and Metatherian mammals. The American and gray short-tailed opossum Igf2r (oIgf2r) genomic sequence is 151 kb (GenBank accession nos. AC151875 and AC151876), while that of platypus Igf2r (pIgf2r) is 161 kb (GenBank accession nos. AC151865, AC151866 and AC158403). The overall exon/intron structure of Igf2r has been conserved in all species examined for well over 180 million years, and the coding sequences of Igf2r have remained restricted to 48 exons. 42, 43 The cloning and sequencing of the entire genomic regions for both the platypus and opossum Igf2r genes allowed us to conduct a comprehensive epigenetic and sequence comparative analysis that adds insight into the evolution of the molecular basis of Igf2r imprinting.
Repetitive element composition of opossum and platypus Igf2r genomic regions. Imprinted gene expression can be species, tissue and developmental stage dependent. 1, 44 Although the regulation of imprinting is complex, genomic comparisons between and within eutherian mammals suggest simple features, like reduced transposable element frequency, are predictive of domains containing imprinted genes. 45, 46 Furthermore, we previously demonstrated that paternally expressed Igf2 is associated with a lack of retroposons not only in eutherians, but also in marsupials. 31 The present investigation demonstrated that there was also an evolutionary constraint on the accumulation of both LINE and SINE elements within the Igf2r imprinted domain (Table 1) . Thus, there is evidence that some genomic characteristics of imprinted domains are evolutionarily conserved from the earliest stages of therian radiation.
Comparative analysis of human, mouse, opossum and platypus Igf2r intron 2. We previously defined the platypus and opossum Igf2r intron 2 regions by PCR analysis of genomic DNA, and demonstrated that they do not contain a CpG island comparable to murine CpG2. 3 Because of the difficulties often associated with long-template PCR, it was important to verify these findings. We now confirm the absence of CpG2 in both the platypus (nucleotides 83006-91369, GenBank accession no. AC151866) and American opossum (nucleotides 107870-112659, GenBank accession no. AC151875) by genomic BAC isolation and sequencing (Fig. 1) . Moreover, the recent availability of genome sequence from the gray short-tailed opossum allowed us to extend our analysis to include an additional marsupial species (Ensembl scaffold_0: 43, 188, 291, 173) . It demonstrated that the gray short-tailed opossum also lacks CpG2 in intron 2 (Ensembl scaffold_0:43,284,958-43,286,033).
We also compared the overall nucleotide organization of intron 2 between prototherian, metatherian and eutherian mammals in order to identify sequences homologous to the Air promoter present in mice. 47, 48 Although platypus (43% GC content), mouse (48% GC content), and human (55% GC content) intron 2 sequences are similarly GC-rich, clustering of CpG dinucleotides into a CpG island occurs only in the mouse and human introns (Fig. 1) . Intron 2 of the American opossum and gray short-tailed opossum Igf2r is markedly smaller in size than those of the mouse and human, is only 36% GC-rich, and contains no CpG island. Intron 2 of both opossum species also shows no similarity to mouse or human (nucleotides 23454-41139, GenBank accession no. AY293855) intron 2 sequences. The 113 bp Air promoter in murine CpG2 47, 48 is also notably absent from both opossum intron 2 sequences. Moreover, a search of the entire Igf2r genomic region in both opossum species and the platypus demonstrated that there are no sequences homologous to the murine Air promoter within these loci.
Analysis of opossum Igf2r CpG1. The lack of a CpG island within oIgf2r intron 2 coupled with an absence of sequences homologous to the murine Air promoter prompted us to search for additional CpG islands in the marsupial gene that could function in the inactivation of the paternal allele. We identified a CpG island orthologous to eutherian CpG1 at the Igf2r promoter of both the American opossum (nucleotides 148028-149058, GenBank accession no. AC151875) and the gray short-tailed opossum (Ensembl scaffold_0:43,187,119-43,188,544) ( Fig. 2A) that are 69 and 66% GC-rich, respectively. Nevertheless, they do not share sequence similarity with orthologous human or murine CpG1 sequences. The non-imprinted platypus Igf2r gene also contains a CpG island at the promoter (nucleotides 34391-35190, GenBank accession no. AC159403). This CpG island is 69% GC-rich, and it shares no similarity with orthologous CpG1 sequences in the mouse, human or opossum.
Differential methylation of CpG1 is required for imprinted expression of Igf2r in the mouse. 24 Therefore, we conducted a bisulfite analysis of the imprinted American and gray short-tailed opossum oIgf2r CpG1 sequences (Fig. 2B) to determine if differential promoter methylation is also present in the opossum. Interestingly, we found that the oIgf2r CpG1 is unmethylated in mesodermal (kidney), endodermal (liver) and ectodermal (brain) tissues of both marsupial species (Fig. 2C) . Our findings demonstrated that in contrast to mice, imprinted expression of oIgf2r is independent of differential promoter DNA methylation. Not surprisingly, the non-imprinted platypus CpG1 region was also found to be unmethylated (data not shown).
Imprinting in the absence of Air. Because of the absence of CpG1 methylation, CpG2 and an Air promoter region in oIgf2r, we next determined if an opossum Air homolog was present in the orthologous region of oIgf2r. Strand specific RT-PCR amplifications conducted with primers specific to sequences within oIgf2r (Fig. 3A) did not detect transcription of Air (data not shown). Since the ribonuclease protection assay (RPA) affords increased sensitivity of RNA transcript detection, we also conducted RPAs in an effort to detect Air upstream of the oIgf2r promoter and within intron 2 and the 5'-UTR of the gene (Fig. 3A) . Strikingly, probes PR1, PR2 and PR3 designed to be antisense to a putative opossum Air transcript failed to hybridize to total RNA in liver, kidney, and brain (Fig. 3B) . The only probe that hybridized was probe PR4 which was designed to detect oIgf2r expression in exon 48. Probe controls are shown in (Fig. 3C) . Probe PR5 is to a region 46 kb upstream of oIgf2r and is sense to putative Air; it did not hybridize to a transcript. Probes PR6 and PR7 are sense to putative Air and antisense to oIgf2r; they hybridized to oIgf2r in total RNA. Because putative Air transcripts could be present either upstream or downstream of oIgf2r, it was also important to test for the presence of a putative Air transcript at exon 48 of oIgf2r. Probe PR8, which is antisense to putative Air and sense to oIgf2r at exon 48, failed to detect a transcript (Fig. 3C) . While it is possible that transcription of a unique non-coding RNA, 
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Igf2r Imprinting without Differential Methylation or Air originating farther upstream and downstream than tested, could play a role in imprinting at this locus, our findings are consistent with oIgf2r imprinting not being dependent upon an Air transcript.
In conclusion, we have demonstrated unequivocally that Igf2r imprinting in two marsupial species occurs without the structural motifs previously shown to be necessary for monoallelic expression in mice. Therefore, Igf2r imprinting regulation did not evolve convergently within metatherian and eutherian mammals, suggesting the possibility that completely independent mechanisms evolved in these two mammalian subclasses to suppress the paternal allele of Igf2r. Alternatively, an ancestral mechanism of Igf2r imprinting exists in therian mammals that has not yet been identified, supporting the interesting prospect that imprinting in eutherians may not be entirely governed by the mechanisms currently defined in mice. Further investigation into the epigenetic factors involved in both metatherian and eutherian Igf2r imprint control is essential to discriminate between these two fundamentally different alternatives. 
